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ABSTRACT Aspergillus niger is an opportunistic pathogen commonly found in a va-
riety of indoor and outdoor environments. An environmental isolate of A. niger from
a pig farm was resistant to itraconazole, and in-depth investigations were conducted
to better understand cellular responses that occur during growth when this patho-
gen is exposed to an antifungal. Using a combination of cultivation techniques,
antibiotic stress testing, and label-free proteomics, this study investigated the physi-
ological and metabolic responses of A. niger to sublethal levels of antifungal stress.
Challenging A. niger with itraconazole inhibited growth, and the MIC was estimated
to be . 16mg · liter21. Through the proteome analysis, 1,305 unique proteins were
identified. During growth with 2 and 8mg · liter21 itraconazole, a total of 91 and 50
proteins, respectively, were significantly differentially expressed. When challenged
with itraconazole, A. niger exhibited decreased expression of peroxidative enzymes,
increased expression of an ATP-binding cassette (ABC) transporter most likely
involved as an azole efflux pump, and inhibited ergosterol synthesis; however, sev-
eral ergosterol biosynthesis proteins increased in abundance. Furthermore, reduced
expression of proteins involved in the production of ATP and reducing power from
both the tricarboxylic acid (TCA) and glyoxylate cycles was observed. The mode of
action of triazoles in A. niger therefore appears more complex than previously antici-
pated, and these observations may help highlight future targets for antifungal
treatment.

KEYWORDS resistance, resistance mechanisms, antifungal, fungi, physiology, triazole,
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A spergillus niger is an opportunistic pathogen commonly found in a variety of
indoor and outdoor environments (1). The spores of A. niger can be easily aerosol-

ized (2) and have the potential to be deposited in bronchioles of the human respiratory
tract (3). Infections caused by A. niger can lead to the development of allergic broncho-
pulmonary aspergillosis (ABPA) or invasive aspergillosis, both of which can be lethal in
susceptible patient groups (4, 5).

Patients suspected of having fungal infection typically undergo a variety of different
diagnostic tests, such as chest radiographs, culturing of the suspected infectious agent(s)
from bronchoalveolar lavage fluid (BALF) and biopsy specimens, sputum screening, and/or
blood antigen testing (6). Upon diagnosis, patients often receive long-term antifungal treat-
ment with or without surgical debridement (6, 7).

While fungal resistance to triazoles is known to develop in patients treated with triazoles,
patients who are azole naive have also been noted to develop triazole-resistant fungal infec-
tions (8). The triazole resistance may have derived from overuse of homologous triazoles in
agricultural settings, which has conferred cross-resistance to medical triazoles (9).

Recent research has shown that multiple environmental isolates of Aspergillus
spp. were resistant to different antifungals, such as itraconazole, voriconazole, and
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caspofungin, which are used to treat invasive aspergillosis in human patients (6). This
is of concern, as antimicrobial resistance is associated with worse patient outcomes
(10). Only a few studies have investigated A. niger’s susceptibility in general, and the
MIC of itraconazole for different isolates of A. niger has previously been estimated to
be in the range of 0.03 to 32mg · liter21 (11–15). In diverse occupational settings,
workers have been observed to be exposed to airborne A. niger, e.g., cleaning workers
(16). Waste collection workers can inhale up to 2.3 � 104 CFU of this fungus during a
work day (17). Ear infections have been diagnosed among biowaste workers, and A.
niger has been isolated from the ear discharge (18). Compost workers from Germany
exposed to fungal bioaerosols developed ABPA, which was treated with corticosteroids
and itraconazole (19). Therefore, the presence of antifungal-resistant A. niger in occu-
pational settings is of concern.

The mechanisms which confer resistance to triazoles are typically ascribed to muta-
tions in the 14-a-sterol demethylase (cyp51a) gene (20), the overexpression of efflux
pumps (21), or single-base substitutions in the transcription factor subunits, such as
HapE, initiating changes altering cyp51a expression (22). The effect of these resistance
mechanisms can be seen by the increased tolerance of Aspergillus spp. to concentra-
tions of triazoles which would normally inhibit growth, thereby conferring resistance
to triazoles.

Although the aforementioned mechanisms have been proposed for the acquisition
of resistance to triazoles, these have mainly focused on the most common etiological
agent of aspergillosis, Aspergillus fumigatus (23). However, the metabolic pathways
which are changed upon challenge with triazoles in A. fumigatus may not necessarily
be the same ones as in A. niger.

Itraconazole’s mode of action is to inhibit ergosterol synthesis, which causes stalled
cell growth and promotes cell death. The inhibition of the ergosterol synthesis is
believed to be caused by formation of a complex between itraconazole and the heme
iron of the fungal cytochrome P450 (24, 25), which leads to inhibition of 14a-demethyl-
ase. This breakdown in the production of new ergosterol causes an accumulation of
toxic sterol intermediates (14-a-methyl-3,6-diol) and formation of a defective cell
membrane whose permeability and function are altered (26, 27). Some other postu-
lated mechanisms of itraconazole are inhibition of the peroxidative enzymes, resulting
in accumulation of intracellular hydrogen peroxide, and the triggering by antifungal
triazoles of the formation of mitochondrial reactive oxygen species (ROS) by the mito-
chondrial respiratory complex I (24, 28–30).

The aim of this study was to elucidate the acute antibiotic impact and cellular
response when A. niger was challenged with itraconazole. The approach was to study
the differential proteome to diagnose physiological states and identify the processes
affected by the antifungal compound. The study compared the effect at sublethal
doses (2 and 8mg · liter21), which are well below the isolate’s MIC, thereby excluding a
concentration-dependent toxic effect.

RESULTS
Antifungal susceptibility testing of A. niger isolate 351. A total of 15 A. niger iso-

lates were sampled from straw found in the pig farm. They displayed different levels
of resistance to itraconazole (MICs between 0.5 and .16mg · liter21), voriconazole
(MICs between 0.5 and .16mg · liter21), and caspofungin (MICs between 0.0625 and
16mg · liter21) (our unpublished work). Initially, an assessment of the effect of itraco-
nazole against A. niger isolate 351 was made, and even the lowest concentration of
itraconazole appeared to have an inhibitory effect on the growth of the isolate (Fig. 1a;
also, see Fig. S1 in the supplemental material). Almost complete inhibition of the
cell growth was seen at concentrations of itraconazole above 16mg · liter21, and
therefore, the MIC was estimated to be .16mg · liter21. An antifungal concentration
of 0.5mg · liter21 resulted in a 4-fold decrease in the maximum growth rate (Fig. 1b)
and a 5-fold increase in the lag phase (Fig. 1c).
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Strain verification and genome quality. Matrix-assisted laser desorption ioniza-
tion–time of flight mass spectrometry (MALDI-TOF MS) was used to identify isolate 351
as A. niger. To confirm this result and to generate a genomic reference database of the
isolate, the genome of A. niger isolate 351 was sequenced with a total of 513,820 reads,
and a length of 1.79 Gb was generated. After trimming the read length, N50 was esti-
mated at 13,487 and the number of reads was 103,449, resulting in ;41� coverage.
Based on BUSCO (benchmarking universal single-copy orthologs) analysis, it was esti-
mated that the genome had a completeness of 98.2%.

To verify that the isolate was indeed A. niger, a nucleotide BLAST search against
NCBI was conducted (for the BLASTn results, see Table S1). The search showed a clear
affiliation with A. niger, with near 100% similarity to the A. niger genomic contig
An01c0390 (AM269986.1). The genome was investigated for well-known Cyp51A point
mutations (M217I, L98H, G54W, P216L, F219I, M220V/K/T, and G448S) as well as poten-
tial tandem repeats in the promoter region of cyp51A. No tandem repeats (TR34 or
TR46) in isolate 351 were observed, and the M217I point mutation was found in the
genomic data.

Proteomic analysis of Aspergillus niger challenged with itraconazole. The differ-
ential proteomic analysis resulted in detection of 1,305 proteins. When A. niger was
treated with 2 and 8mg · liter21 itraconazole, a total of 91 and 50 proteins were
found to have significantly changed in abundance relative to the control (P , 0.05;
log2, 20.5 and log2. 0.5) with 41 and 23 proteins showing an increase and 50 and
27 proteins showing a decrease in abundance, respectively (Table 1 and Fig. S2; for the
full list of significantly expressed proteins, see Table S1). Analysis of differential A. niger
proteomes upon treatment with itraconazole at two concentrations below the MIC
was conducted in biological quadruplicates, in order to identify the physiological
response and molecular targets of itraconazole. This led to the identification of several
significantly altered biochemical pathways, including the glyoxylate cycle, the tricar-
boxylic acid (TCA) cycle, peroxidase activity, and ergosterol synthesis.

Significantly expressed proteins were categorized according to their gene ontolo-
gies (GO) (Table S1). Enrichment analysis was carried out to identify functional classes
that are significantly overrepresented in the set of differentially expressed proteins.

Many proteins which were significantly more abundant upon itraconazole treat-
ment belonged to the categories of intracellular proteins (protein disulfide-isomerase
[G3Y367], translationally controlled tumor protein [TCTP] homologue [A0A100I439]
[31], and cyclophilin type CYPA peptidyl-prolyl cis-trans isomerase [XP_025478857.1]
[P , 0.006 and log2. 0.84]), ATP synthesis (ATP phosphoribosyltransferase [G3XPV6]
and ATP synthase subunit delta [G3XS64] [P=0.005 and log2. 1.17]), and cell redox

FIG 1 To measure the effect of itraconazole on A. niger isolate 351, concentrations ranging from 0 to 64mg · liter21 were tested. (a) Segmentation
extraction surface area (SESA) normalized values measured after 48 h showing the biomass produced by a single isolate of Aspergillus niger challenged
with different concentrations of itraconazole. (b) Maximum growth rate (mmax) of Aspergillus niger isolate 351 at different concentrations of itraconazole. (c)
Lag phase for different concentrations of itraconazole.

A. niger Proteome Antimicrobial Agents and Chemotherapy

June 2021 Volume 65 Issue 6 e02549-20 aac.asm.org 3

https://www.ncbi.nlm.nih.gov/nuccore/AM269986.1
http://www.uniprot.org/uniprot/A0A100I439
https://www.ncbi.nlm.nih.gov/protein/XP_025478857.1
https://aac.asm.org


TA
B
LE

1
To

p
10

p
ro
te
in
s
w
hi
ch

w
er
e
fo
un

d
to

ha
ve

si
gn

ifi
ca
nt

ch
an

ge
s
in

ab
un

da
nc

e
at

2
an

d
8
m
g
·l
it
er

2
1
it
ra
co
na

zo
le

It
ra
co

n
az
ol
e

co
n
cn

(m
g
lit
er

2
1
)

U
p
re
g
ul
at
ed

D
ow

n
re
g
ul
at
ed

P
va

lu
e

D
if
fe
re
n
ce

Pr
ot
ei
n
ID

Pr
ot
ei
n
n
am

e
or

d
es
cr
ip
ti
on

P
va

lu
e

D
if
fe
re
n
ce

Pr
ot
ei
n
ID
s

Pr
ot
ei
n
n
am

e
or

d
es
cr
ip
ti
on

2
3.
8E

2
05

6.
68

A
0A

11
7E

0T
6

St
er
ol

24
-C
-m

et
hy

lt
ra
ns
fe
ra
se

0.
00

25
2
5.
19

X
P_

00
13

89
34

7.
1

Is
oc
it
ra
te

ly
as
e

5.
9E

2
07

5.
41

A
0A

11
7D

W
86

A
BC

tr
an

sp
or
te
r

0.
00

11
2
3.
94

A
0A

10
0I
R4

7
O
xa
lo
ac
et
at
e
ac
et
yl
hy

dr
ol
as
e

1.
8E

2
05

4.
02

X
P_

02
54

78
93

6.
1

G
lu
ta
th
io
ne

p
er
ox

id
as
e
H
yr
1

0.
00

04
2
3.
52

A
0A

10
0I
PP

9
G
er
an

yl
ge

ra
ny

lp
yr
op

ho
sp
ha

te
sy
nt
ha

se
1.
7E

2
03

3.
16

A
0A

11
7E

2H
8

C
ho

lin
e
ox

id
as
e

0.
00

00
2
3.
19

A
0A

10
0I
H
E1

G
ly
ce
ro
l-3

-p
ho

sp
ha

te
de

hy
dr
og

en
as
e

2.
1E

2
02

2.
85

A
0A

10
0I
EW

1
F5
/8

ty
p
e
C
do

m
ai
n
p
ro
te
in

0.
00

10
2
3.
05

A
0A

12
4B

YU
7

A
lle
rg
en

4.
4E

2
03

2.
72

G
3Y

36
7

Pr
ot
ei
n
di
su
lfi
de

-is
om

er
as
e

0.
00

87
2
3.
03

X
P_

02
54

76
11

0.
1

H
yp

ot
he

ti
ca
lp

ro
te
in

BO
87

D
RA

FT
_3

79
72

4
4.
0E

2
04

2.
03

A
0A

10
0I
RZ

3
Pr
ot
ei
n
di
su
lfi
de

-is
om

er
as
e

0.
00

67
2
2.
90

A
0A

12
4B

Y4
6

Pa
th
og

en
es
is
-a
ss
oc
ia
te
d
p
ro
te
in

C
ap

20
1.
1E

2
03

2.
02

X
P_

00
13

91
01

0.
1

H
it
fa
m
ily

p
ro
te
in

1
0.
00

89
2
2.
54

A
0A

11
7D

VZ
9

C
at
al
as
e

1.
1E

2
03

1.
79

G
3X

SV
7

U
nc

ha
ra
ct
er
iz
ed

p
ro
te
in

0.
02

02
2
2.
38

A
0A

10
0I
3Y

8
A
ld
eh

yd
e
de

hy
dr
og

en
as
e

1.
6E

2
03

1.
68

A
0A

10
0I
43

9
Tr
an

sl
at
io
na

lly
co
nt
ro
lle
d
tu
m
or

p
ro
te
in

ho
m
ol
og

0.
00

77
2
2.
30

A
0A

10
0I
Q
A
9

A
lc
oh

ol
de

hy
dr
og

en
as
e
(a
dh

A
)

8
4.
2E

2
05

6.
40

A
0A

11
7E

0T
6

St
er
ol

24
-C
-m

et
hy

lt
ra
ns
fe
ra
se

0.
00

19
2
5.
92

X
P_

00
13

89
34

7.
1

Is
oc
it
ra
te

ly
as
e

3.
1E

2
06

5.
04

A
0A

11
7D

W
86

A
BC

tr
an

sp
or
te
r

0.
00

58
2
4.
81

X
P_

02
54

85
09

6.
1

Su
p
er
ox

id
e
di
sm

ut
as
e
[M

n]
,m

it
oc
ho

nd
ria

l
1.
1E

2
02

3.
70

A
0A

10
0I
IZ
2

C
yp

51
A

0.
00

06
2
4.
41

A
0A

10
0I
R4

7
O
xa
lo
ac
et
at
e
ac
et
yl
hy

dr
ol
as
e

1.
0E

2
04

3.
61

X
P_

02
54

78
93

6.
1

G
lu
ta
th
io
ne

p
er
ox

id
as
e
H
yr
1

0.
00

29
2
3.
36

A
0A

10
0I
PP

9
G
er
an

yl
ge

ra
ny

lp
yr
op

ho
sp
ha

te
sy
nt
ha

se
9.
0E

2
03

2.
81

A
0A

10
0I
6D

1
FA

D
-b
in
di
ng

PC
M
H
-t
yp

e
do

m
ai
n-
co
nt
ai
ni
ng

p
ro
te
in

0.
00

15
2
2.
36

A
0A

12
4B

YU
7

A
lle
rg
en

1.
5E

2
04

1.
86

A
0A

10
0I
A
04

A
sp
ar
ti
c
p
ro
te
as
e
PE

PA
d

0.
01

00
2
2.
31

A
0A

11
7D

VZ
9

C
at
al
as
e

7.
0E

2
03

1.
74

X
P_

00
13

91
01

0.
1

H
it
fa
m
ily

p
ro
te
in

1
0.
00

01
2
2.
30

A
0A

10
0I
H
E1

G
ly
ce
ro
l-3

-p
ho

sp
ha

te
de

hy
dr
og

en
as
e

6.
9E

2
03

1.
40

X
P_

00
13

95
88

9.
1

A
ct
in
-r
el
at
ed

p
ro
te
in

2/
3
co
m
p
le
x

su
b
un

it
A
RC

19
0.
00

01
2
2.
23

A
0A

10
0I
KP

3
Pe

ro
xi
so
m
al
m
ul
ti
fu
nc

ti
on

al
b
et
a-
ox

id
at
io
n
p
ro
te
in

5.
2E

2
03

1.
38

G
3X

S6
4

A
TP

sy
nt
ha

se
su
b
un

it
de

lt
a,

m
it
oc
ho

nd
ria

l
0.
00

60
2
2.
18

X
P_

02
54

76
11

0.
1

H
yp

ot
he

ti
ca
lp

ro
te
in

BO
87

D
RA

FT
_3

79
72

4

1.
5E

2
03

1.
37

A
0A

10
0I
I9
3

N
,N
-d
im

et
hy

lg
ly
ci
ne

ox
id
as
e

0.
00

52
2
2.
10

G
3X

T8
0

Th
io
re
do

xi
n
re
du

ct
as
e

Poulsen et al. Antimicrobial Agents and Chemotherapy

June 2021 Volume 65 Issue 6 e02549-20 aac.asm.org 4

http://www.uniprot.org/uniprot/A0A117E0T6
https://www.ncbi.nlm.nih.gov/protein/XP_001389347.1
http://www.uniprot.org/uniprot/A0A117DW86
http://www.uniprot.org/uniprot/A0A100IR47
https://www.ncbi.nlm.nih.gov/protein/XP_025478936.1
http://www.uniprot.org/uniprot/A0A100IPP9
http://www.uniprot.org/uniprot/A0A117E2H8
http://www.uniprot.org/uniprot/A0A100IHE1
http://www.uniprot.org/uniprot/A0A100IEW1
http://www.uniprot.org/uniprot/A0A124BYU7
https://www.uniprot.org/uniprot/G3Y367
https://www.ncbi.nlm.nih.gov/protein/XP_025476110.1
http://www.uniprot.org/uniprot/A0A100IRZ3
http://www.uniprot.org/uniprot/A0A124BY46
https://www.ncbi.nlm.nih.gov/protein/XP_001391010.1
http://www.uniprot.org/uniprot/A0A117DVZ9
https://www.uniprot.org/uniprot/G3XSV7
http://www.uniprot.org/uniprot/A0A100I3Y8
http://www.uniprot.org/uniprot/A0A100I439
http://www.uniprot.org/uniprot/A0A100IQA9
http://www.uniprot.org/uniprot/A0A117E0T6
https://www.ncbi.nlm.nih.gov/protein/XP_001389347.1
http://www.uniprot.org/uniprot/A0A117DW86
https://www.ncbi.nlm.nih.gov/protein/XP_025485096.1
http://www.uniprot.org/uniprot/A0A100IIZ2
http://www.uniprot.org/uniprot/A0A100IR47
https://www.ncbi.nlm.nih.gov/protein/XP_025478936.1
http://www.uniprot.org/uniprot/A0A100IPP9
http://www.uniprot.org/uniprot/A0A100I6D1
http://www.uniprot.org/uniprot/A0A124BYU7
http://www.uniprot.org/uniprot/A0A100IA04
http://www.uniprot.org/uniprot/A0A117DVZ9
https://www.ncbi.nlm.nih.gov/protein/XP_001391010.1
http://www.uniprot.org/uniprot/A0A100IHE1
https://www.ncbi.nlm.nih.gov/protein/XP_001395889.1
http://www.uniprot.org/uniprot/A0A100IKP3
https://www.uniprot.org/uniprot/G3XS64
https://www.ncbi.nlm.nih.gov/protein/XP_025476110.1
http://www.uniprot.org/uniprot/A0A100II93
https://www.uniprot.org/uniprot/G3XT80
https://aac.asm.org


homeostasis (thioredoxin domain-containing protein [G3Y722] and protein disulfide-
isomerase [G3Y367] [P, 0.0044 and log2. 1.28]). The protein with the highest
increase in abundance during treatment with 2 and 8mg · liter21 itraconazole was ste-
rol 24-C-methyltransferase (A0A117E0T6) (P, 0.00004 and log2. 6.4), while the pro-
tein with the second highest increase in expression when treated with both 2 and
8mg · liter21 itraconazole was an ABC transporter (A0A117DW86) (P, 0.000003 and
log2. 5.04) (Table 1).

The proteins with decreased abundance upon itraconazole treatment belonged to
the categories of peroxidase activity (catalase [A0A117DVZ9], catalase-peroxidase
[A0A117DWC4], and superoxide dismutase [XP_025485096.1] [P value, 0.009 and
log2 , 21.46]), catalytic activity (pyruvate carboxylase [A0A100IA53], aspartate amino-
transferase [XP_001397865.2], glutamate decarboxylase [A0A100IU53], and pyruvate
kinase [XP_001391973.1] [P, 0.01 and log2 ,20.92]), tricarboxylic acid cycle (isocitrate
dehydrogenase [A0A100IUT3] and citrate synthase [XP_001393983.1] [P, 0.001 and
log2 , 21.09]), and ATP binding (plasma membrane ATPase [A0A100IRV8], diphospho-
mevalonate decarboxylase [A0A100IAV5], and homoserine kinase [XP_001398437.1]
[P, 0.003 and log2 , 20.76]). Diphosphomevalonate decarboxylase is involved
in isoprenoide biosynthesis and thus also in the biosynthesis of ergosterol. The
protein with the greatest decrease in abundance due to treatment of both 2 and
8mg · liter21 itraconazole was isocitrate lyase (XP_001389347.1) (P, 0.0025 and
log2 ,25.2).

When treatment with 2mg · liter21 itraconazole was compared to treatment with
8mg · liter21, no significantly differently expressed proteins were detected using a
criterion with a P value of ,0.05 and log2 values of ,20.5 and.0.5. Therefore, the
responses of A. niger to the two different concentrations of itraconazole were not
significantly different from each other.

DISCUSSION

In this study, we investigated susceptibility and proteomic profiles of A. niger isolate
351 treated with itraconazole at two concentrations below its MIC. Complementary to
target-centric approaches, the approach used in this study was chosen to provide an
insight into the physiological responses and thereby to better understand the antibi-
otic mechanism. Previously studies have examined A. niger’s response to antifungals
(voriconazole and itraconazole) when exposed to one concentration and used a two-
dimensional gel electrophoretic separation method coupled with mass-spectrometric
analysis to identify the proteins expressed upon treatment with an antifungal com-
pound (32, 33), whereas we examined A. niger’s response to two different concentra-
tions of itraconazole and used a shotgun proteomic approach for identification of the
abundant proteins.

Genome quality and strain verification. The fungus was isolated from straw in a
pig farm and identified as A. niger by both MALDI-TOF MS and whole-genome
sequencing. The purpose of the genome sequencing, besides identifying the isolate,
was to function as a reference for the proteome data obtained. Therefore, a complete-
ness of 98.2% and a coverage of ;41 gave a sufficient depth to be used as a reference
genome for the proteomic data.

Antifungal susceptibility of Aspergillus niger isolate 351. To determine whether
the isolate of A. niger was susceptible or resistant to azole compounds, we confirmed
the updated EUCAST clinical breakpoints (v.10.0) (34), stating a breakpoint value of
4mg · liter21. A. niger isolate 351 was able to grow at concentrations up to 16mg · liter21

and is therefore categorizable as being highly resistant to itraconazole (8, 11–14). The large
discrepancy in the determined MICs could be related to the fact that a relatively small
number of Aspergillus spp. have acquired resistance mechanisms (12, 15).

Differentially expressed proteins. Overall, the proteins with significant differential
expression during growth in the presence of itraconazole are either part of the energy
metabolism or responsible for cell maintenance and therefore indicate vital responses
to maintain cell vitality during antifungal stress.
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The proteins found to be more significant abundant upon treatment at both 2 and
8mg · liter21 itraconazole was the sterol 24-C-methyltransferase, which is an important
protein in ergosterol biosynthesis (35). Since itraconazole inhibits Cyp51A, an enzyme
responsible for an intermediate step in ergosterol biosynthesis, the physiological
response by A. niger appears to increase the synthesis of sterol 24-C-methyltransferase
in an attempt to minimize shortage of ergosterol by the inhibition from itraconazole
(36). The target enzyme of itraconazole was found to be the third most upregulated
protein at 8mg · liter21 and is known to contribute to clinical triazole resistance in the
closely related species A. fumigatus when overexpressed (37). Thus, higher expression
of Cyp51A appears to be a compensation strategy by the isolate during increased ex-
posure to itraconazole. The three most commonly identified resistance mechanisms of
triazole resistance in the closely related fungus are mutations in the sterol-demethylase
gene cyp51A, overexpression of cyp51A, and overexpression of drug efflux pumps (37).
The identification of Cyp51A as the third most upregulated protein at 8mg · liter21

and as not detectable at 2mg · liter21 indicates that A. niger needs to activate another
resistance/compensation mechanism to maintain ergosterol biosynthesis. However,
other research has suggested that the increase of sterol 24-C-methyltransferase results
in the accumulation of toxic sterol intermediates and disruption of the ergosterol ho-
meostasis (27, 28). The genomic data for this isolate were inspected for well-known
Cyp51A point mutations (M217I, L98H, G54W, P216L, F219I, M220V/K/T, and G448S)
(38, 39) as well as tandem repeats in the promoter region of cyp51A. The results from
this confirm that no tandem repeats (TR34 or TR46) were present in isolate 351, sug-
gesting that some other mechanism led to the overexpression of cyp51A. Only the
M217I point mutation was found in the genomic data. This mutation has previously
been associated with higher levels of itraconazole resistance in Aspergillus terreus (40).

Multidrug-resistant fungal cells frequently obtain their resistance through modifica-
tions in the quality or quantity of target enzyme, reduced access to the target, or a
combination of these mechanisms (38, 41). At the time of writing, there are no reports
of Aspergillus spp. modifying triazole antifungals as a mechanism of resistance.

Active efflux mechanisms through ATP-binding cassette (ABC) transporters have
previously been associated with high-level triazole resistance (39, 42, 43). In this study,
ABC transporters were found to be significantly more abundant when A. niger was
challenged with itraconazole, and this is most likely the reason for this particular iso-
late’s high level of resistance. The ABC transporter (A0A117DW86) has an orthologous
gene in A. fumigatus (cdr1B) with the transcription factor AtrR and has been described
as an azole transporter (39). Notably, the transcription factor coregulates the ABC trans-
porter (Cdr1B) and the drug target (Cyp51A) (44). However, AtrR most likely cooperates
with a sterol-regulatory element binding protein (SrbA) to drive the transcription of
Cyp51A (45–47). ABC transporters, in general, have a broad specificity for hydrophobic
compounds, including antifungals (42), and the data presented in this study therefore
suggest that the efflux pumps are of importance as potential resistance mechanisms
to triazoles in A. niger.

Among the group of proteins with decreased abundance upon treatment with itra-
conazole were proteins related to peroxidase activity, including catalase-peroxidase,
catalase, and superoxide dismutase (SOD). These proteins are responsible for detoxify-
ing ROS and converting them to water and oxygen to avoid uncontrolled radical
formation in the cell (48). Differentially expressed proteins in response to antibiotic
compounds have previously been described with fungal cells challenged with micona-
zole, an imidazole with a mechanism similar to that of itraconazole (29). An increased
production of intracellular ROS would be expected to cause damages in the fungal
hyphae, which could impair protein homeostasis and reduce growth. In this study, we
found that itraconazole inhibits the expression of peroxidases, which is in agreement
with previously postulated effects of itraconazole (24) and a universal induction of oxi-
dative stress caused by all antibiotics (49). When exposed to itraconazole, A. niger
exhibits both increased production of ROS and a decrease in expressed peroxidative
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enzymes. This increase of ROS production and decrease in ability to respond to ROS
stress are in agreement with previous reports which propose a clear connection
between the production of ROS and drug-induced disruption of the ergosterol homeo-
stasis (29). Similar induction of ROS production and inhibition of peroxidative enzymes
have been observed in different fungal genera, including Aspergillus, Candida, and
Cryptococcus (28, 29), and therefore, this appears to be a more general response to az-
ole antifungals. However, previous studies have also found that fungi often respond to
antifungal drugs by increasing their antioxidant stress response (33, 50), which contra-
dicts the findings in this study. The general downregulation of antioxidative enzymes,
such as catalase, may be yet another resistance response upon treatment with
itraconazole, since catalase activity has been shown to potentiate antifungal azoles
(50). One antioxidative enzyme was found to be upregulated upon treatment with itra-
conazole, the glutathione peroxidase Hyr1, which plays a crucial role in the defense
against ROS (51).

Isocitrate lyase, a central enzyme in the glyoxylate cycle (52), was the protein show-
ing the most significant decrease in expression after treatment with itraconazole at
both 2 and 8mg · liter21. The proteomic data showed that itraconazole inhibits both
the TCA cycle and the glyoxylate cycle. Such inhibition results in an energy-poor state
and decreases cell proliferation and viability. Whether this is a direct primary effect
caused by itraconazole or a secondary derived effect is not yet understood.

Overall, this study demonstrates the cellular responses of the environmental
Aspergillus niger isolate 351 to the antifungal triazole itraconazole. As demonstrated
both in this study and elsewhere, even the lowest concentrations reduced cellular
growth (Fig. 1), and this is most likely due to the inhibition of the ergosterol synthesis
and to the decreased expression of peroxidative enzymes along with the resulting
accumulation of ROS. However, the fungus is able to survive, albeit at lower activity.
This is consistent with the increased abundance of the ABC transporter, an efflux
pump with a broad specificity toward hydrophobic compounds such as itraconazole.
The effect of itraconazole on the physiology of A. niger appears to be more complex
than expected, with several modes of actions occurring simultaneously. The proteomic
analysis also revealed a decrease in the energy synthesis and production of reducing
powers from both TCA and glyoxylate cycle. Moreover, some significantly expressed
proteins identified in this study may be possible candidates for further studies in rela-
tion to their role in drug resistance and their possible future use as targets for antifun-
gal treatment.

In summary, the present study explored the physiological and metabolic responses
of A. niger upon treatment with itraconazole. Two concentrations of itraconazole below
the isolate’s estimated MIC with a breakpoint around 16mg · liter21 showed very simi-
lar changes in protein expression. This observation suggests that A. niger responds to
itraconazole independently at all concentrations below the MIC. The mode of action
appears to be complicated, with multiple mechanisms occurring simultaneously. These
cover inhibition of the ergosterol synthesis, increase in the expression of efflux trans-
porters, and reduced expression of peroxidative enzymes, which support the mutation
in cyp51A (M217I) found in the genome. Furthermore, these inhibitions appear to be
accompanied by a decreased production of energy and reducing power. The investi-
gated isolate uses three of the five commonly described resistance mechanisms for A.
fumigatus: reduced interaction affinity (point mutation), overexpression of the target
protein, and overexpression of efflux pumps. Knowledge of the physiological changes
caused by exposure to antifungals provides a better platform for development of opti-
mized antifungal treatments.

MATERIALS ANDMETHODS
Sample collection. Isolates of Aspergillus niger were obtained from straw collected on a Danish

pig farm, and their antifungal resistance profiles were investigated in this study. In brief, isolates of A.
niger were extracted from straw in a pig farm, cultured on dichloran glycerol agar supplemented with
100mg · liter21 chloramphenicol (DG18) (Oxoid), identified using matrix-assisted laser desorption
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ionization–time of flight mass spectrometry (MALDI-TOF MS) on a Microflex Biotyper system (Bruker
Daltonics), and tested for their resistance to itraconazole, voriconazole, amphotericin B, and caspofun-
gin. Isolates of A. niger were found to be resistant to multiple antifungals (itraconazole, voriconazole,
and caspofungin). We chose one isolate which exhibited high resistance to itraconazole to examine its
physiological and metabolic responses when challenged with itraconazole at different concentrations.

Antifungal susceptibility testing. Antifungal susceptibility testing was performed using the
oCelloScope system (BioSense Solutions ApS). Different concentrations of itraconazole (Sigma-
Aldrich) were used, ranging from 0 to 64mg · liter21, dissolved in dimethyl sulfoxide (DMSO), and stored
at 280°C until used. The fungus was grown in RPMI medium (with 2% glucose and MOPS [morpholine-
propanesulfonic acid] buffer [Sigma-Aldrich] at a pH of 7.0), starting with a conidial concentration of 5 �
105 conidia per ml, and all concentrations of itraconazole were tested in quadruplicate. The camera
focus and illumination level were set to 2,790mm and 300, respectively. Image acquisition was per-
formed in one scan area in the center of each well, which was scanned every 30min for 48 h. The growth
kinetics were determined by image stack processing using the segmentation extracted surface area
(SESA) algorithm, included in the UniExplorer software (BioSense Solutions ApS).

High-molecular-weight-DNA extraction. A. niger was grown in RPMI medium (with 2% glucose
and MOPS buffer [Sigma-Aldrich] at a pH of 7.0) for 5 days at 37°C and 150 rpm. Mycelium was harvested
by filtering the liquid using Miracloth (Popolini), followed by a rinsing step of the mycelium with 20ml
sterile double-distilled water (ddH2O). Mycelium was freeze-dried for 1 day and ground in a mortar to a
powder. DNA from the freeze-dried and ground mycelium was extracted using a phenol-chloroform pro-
cedure (53) with an RNase A treatment step (Qiagen), and high-molecular-weight (HMW) genomic DNA
was extracted using the Qiagen Genomic-tip 20/G (Qiagen). Procedures were performed according to
the manufacturers’ suggested protocols.

The quality of the HMW DNA was assessed by measuring the DNA concentration using a NanoDrop
1000 instrument and a Qubit dsDNA HS assay kit following the manufacturer’s recommendations. The
lengths of the HMW DNA fragments were determined using Agilent genomic DNA ScreenTape following
the manufacturer’s recommendations. Small DNA fragments were removed using Short Read Eliminator
XS (Circulomics) according to the manufacturer’s recommendations.

Whole-genome sequencing and bioinformatics. DNA repair, end preparation, adapter ligation,
cleanup, and priming were done following the manufacturer’s protocol (MinION; Oxford Nanopore
Technologies). In brief, DNA ends were repaired and dA tailed using the NEBNext end repair/dA-tailing
module. Sequencing adapters were ligated onto the prepared ends following DNA end repair. The
resulting library was loaded onto a single MinION R9.4.1 (106) flow cell and sequenced for 72 h.

Base calling and sequence quality analysis were performed using Guppy v3.2.10 (Guppy is available
only to ONT customers via their community site, https://community.nanoporetech.com) and NanoPlot
v1.24.0 (55), respectively. Reads were filtered for quality (.Q8) and length (.5,000 bp) using FiltLong
v0.2.0 (56). Assembly of the reads were done using minimap2 v2.17 and miniasm v0.3 (57), and the following
polish was done using Racon v1.3.3 (58) and medaka v1.0.1 (59). Assessment of genome assembly and annota-
tion completeness was done using BUSCO v3.0.2 (60).

To verify the strain of A. niger used in this study, a nucleotide BLAST search (61) against NCBI was
conducted for the assembled genome, and a protein BLAST search against NCBI was also conducted for
the predicted proteins from the BUSCO analysis.

Protein extraction. A. niger was grown in RPMI medium (with 2% glucose and MOPS buffer [Sigma-
Aldrich] at a pH of 7.0) with 0, 2, and 8mg · liter21 itraconazole for 2 days at 37°C and harvested by cen-
trifugation at 4,000� g for 8 min. The three conditions were tested with four biological replicates, and A.
niger grown without antifungal was the control. The pelleted mycelium was washed in ddH2O, centri-
fuged at 4,000� g for 8 min, washed a second time in ddH2O with cOmplete protease inhibitor cocktail
(Roche), mixed according to the manufacturer’s recommendations, and centrifuged at 4,000� g for 8
min. The supernatant was discarded, and the pellet was resuspended in 385 ml triethylammonium bicar-
bonate (TEAB) resuspension buffer (0.05 M TEAB buffer stock, 1.0mg · liter21 sodium deoxycholate
[NaDOC] [pH# 8]) and 385 ml B-PER buffer (bacterial protein extraction reagent; Thermo Scientific). The
suspension was transferred to an adaptive focused acoustic (AFA) Millitube (1.0ml; Covaris) and treated
with adaptive focused acoustic using a Covaris focused ultrasonicator (M220 M-series) in a total of four
cycles (peak incident power of 75 W, a duty factor of 10%, 200 cycles per burst, and 180 s per cycle at 6°C).
To collect cell debris as a pellet, the samples were subsequently centrifuged at 16,000� g for 10 min. The super-
natant was transferred to new Eppendorf tubes and stored at 4°C until further use.

Quantitative spectrometry. For the preparation of the differential proteome, 12 A. niger isolate 351
cultures were used: 4 biological replicates with either 0, 2, or 8mg · liter21 itraconazole. Samples for liq-
uid chromatography-tandem mass spectrometry (LC-MS/MS) analysis were prepared as previously
described (62), with minor modifications: a NanoDrop One instrument (Thermo Scientific) was used to
roughly estimate the protein concentration, measured at 280 nm, and in-solution digestion was per-
formed on approximately 15mg of protein from each sample. Peptides were desalted using a modified
StageTip protocol (63, 64), with one modification: the concentration of R3 and R2 was doubled.

Tryptic peptides were analyzed by automated LC–electrospray ionization (ESI)–MS/MS, as previously
described (65), with some modifications. A top 20 method was used to acquire the MS data, with an
MS1 with an injection time of 50ms and resolution of 60,000, an MS2 with an injection time of 45ms,
and resolution of 15,000, using an isolation window of 1.2 m/z, and the normalized collision energy was
set to 28 eV.

Bioinformatic processing. The raw data were analyzed with MaxQuant (v1.6.10.43) (66) using the
search engine Andromeda (67), with carbamidomethylation set as a fixed modification and methionine
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oxidation as a variable modification and with a false discovery rate (FDR) of 1%, using label-free quantifi-
cation (LFQ) as implemented in MaxQuant. Data were cross-referenced with three databases: an in-
house-constructed proteome from Aspergillus niger isolate 351 (PRJEB41506 and Table S1) and two refer-
ence proteomes of Aspergillus niger, An76 (UP000068243) and ATCC 1015 (UP000009038), downloaded
from UniProt (accessed 20 October 2020).

The generated output file was imported into Perseus (v1.6.10.0) (68). Student’s t tests were used to
investigate differential protein expression and were performed on log2-transformed LFQ values using a
significance level of a P value of #0.05 and permutation-based FDR at 5%. Fold change was expressed
as the ratio of averaged LFQ values of a protein across at least 3 of 4 replications of A. niger isolate 351
challenged with itraconazole divided by the averaged LFQ value of the same protein observed in the re-
spective control experiment.

Gene ontology enrichment analysis. Proteins that were statistically differentially expressed were
uploaded to FungiFun2 (69) and functionally annotated using standard settings.

Data availability. The genome of A. niger has been uploaded to the European Nucleotide Archive
(ENA) with the accession number PRJEB41506. The mass spectrometry proteomics data have been de-
posited in the ProteomeXchange Consortium via the PRIDE (70) partner repository with the data set
identifiers PXD022738 and https://doi.org/10.6019/PXD022738.
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